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Abstract. A ﬁrn densiﬁcation model is presented that sim-
ulates steady-state Antarctic ﬁrn density proﬁles, as well as
the temporal evolution of ﬁrn density and surface height. The
model uses an improved ﬁrn densiﬁcation expression that is
tuned to ﬁt depth-density observations. Liquid water pro-
cesses (meltwater percolation, retention and refreezing) are
also included. Two applications are presented. First, the
steady-state model version is used to simulate the strong spa-
tial variability in ﬁrn layer thickness across the Antarctic ice
sheet. Second, the time-dependent model is run for 3 Antarc-
ticlocationswithdifferentclimateconditions. Surfaceheight
changes are caused by a combination of accumulation, melt-
ingandﬁrndensiﬁcationprocesses. Onall3locations, anup-
ward trend of the surface during autumn, winter and spring is
present, while during summer there is a more rapid lowering
of the surface. Accumulation and (if present) melt introduce
large inter-annual variability in surface height trends, possi-
bly hiding ice dynamical thickening and thinning.
1 Introduction
The Antarctic ice sheet (AIS) is almost entirely covered by a
layer of ﬁrn, the intermediate product in the transition from
snow to ice. In Antarctica, fresh snow has a typical den-
sity of 350kgm−3, while glacier ice has a density of more
than 900kgm−3. At low temperatures and accumulation
rates, densiﬁcation of ﬁrn is a slow process and the transi-
tion can take up to centuries or millennia. The large range of
surface climate conditions in Antarctica introduces widely
varying characteristics of the ﬁrn layer in space and time (Li
and Zwally, 2004; van den Broeke, 2008; and Helsen et al.,
2008). Forinstance, the ﬁrnlayerthicknesscanvarybetween
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a few tens of meters in the relatively warm coastal areas to
>100m in the cold interior of East Antarctica. In ablation
areas, where sublimation, snowdrift erosion and/or melt ex-
ceed snowfall, the ﬁrn layer can even be completely absent,
resulting in formation of blue ice areas (Winther et al., 2001).
The steady and transient states of the ﬁrn layer provide im-
portant information on ﬁrn air content and surface elevation
changes. These are crucial parameters needed to estimate
the contemporary mass balance of the AIS using remote-
sensing techniques (Rignot et al., 2008; Helsen et al., 2008;
van den Broeke et al., 2008). Figure 1, adjusted from Zwally
and Li (2002), shows the various components of the vertical
displacement of the ice sheet surface. A change in surface
height with time (dH/dt) is given as the sum of these velocity
components:
dH
dt
=vacc+vme+vfc+vice+vb (1)
where vacc, vme, vfc, vice and vb are the velocity components
that represent accumulation, melt, ﬁrn compaction, ice ﬂow
and bedrock movement, respectively. Since we focus on rel-
ative short timescales, vb is negligible and vice is assumed
proportional to the average annual accumulation. The ef-
fect of sublimation is included in the accumulation veloc-
ity, vacc. These velocity components can be combined in
time-dependent ﬁrn densiﬁcation models to calculate tem-
poral changes in ﬁrn depth and density and surface height
changes, by forcing them with time series of surface temper-
ature, snowfall, sublimation and melt. These results can be
used to convert satellite elevation change measurements to
mass changes (Davis et al. (2005) and Wingham et al. (2009)
among others). It has been demonstrated that variability in
ﬁrn densiﬁcation rate and accumulation strongly inﬂuence
the observed surface height changes (McConnell et al., 2000;
Helsen et al., 2008).
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Fig. 1: Schematic representation of the ﬁrn layer (including
surface snow) and the velocity components contributing to
surface elevation changes: accumulation (vacc), melt (vme),
ﬁrn compaction (vfc), downward ice ﬂow (vice) and bedrock
movement (vb), adjusted from Zwally and Li (2002).
Several models have been proposed to describe ﬁrn den-
siﬁcation. Some are based on physical principles (for exam-
ple Wilkinson, 1988), while others use semi-empirical pa-
rameterizations (Herron and Langway (1980); Barnola et al.
(1991); Helsen et al. (2008), and Arthern et al., 2010). A
distinction can also be made between models that describe
the steady-state density proﬁle, and models that simulate
changes in the ﬁrn layer over time. Steady-state ﬁrn proﬁles
can be used to estimate the amount of air in the ﬁrn column,
whichisusedtoconverticethicknessestototalmassofanice
column. van den Broeke (2008) showed that the steady-state
solution of Barnola et al. (1991), forced with regional atmo-
spheric climate model output from van de Berg et al. (2006),
is in good agreement with observations from ﬁrn cores. For
the upper layers, this model uses the semi-empirical steady-
state solution of Herron and Langway (1980), while for the
lower part the equations of Pimienta and Duval (1987) are
used. Recent expressions for time-dependent ﬁrn densiﬁca-
tion and depth are those of Helsen et al. (2008) and Arth-
ern et al. (2010), which are both based on the model of Her-
ron and Langway (1980). The latter assumes that ﬁrn com-
paction has an Arrhenius-type temperature sensitivity and
was tuned to ﬁt steady-state density proﬁles from Green-
land and Antarctica. A different temperature sensitivity was
added by Li and Zwally (2004), which was later modiﬁed by
Helsen et al. (2008) to make it suitable for Antarctica. None
of these models included snow melt and refreezing, while it
is well known that the higher density of refrozen melt water
can have a signiﬁcant effect on the density of the ﬁrn column
and its densiﬁcation rate.
In this paper we present a ﬁrn densiﬁcation model (FDM)
that calculates steady-state as well as time-dependent ﬁrn
density proﬁles for Antarctica. The advantage of this model
is that it uses the same densiﬁcation expression for both pur-
poses, tuned to optimally ﬁt observations. Also snow melt
and percolation, retention and refreezing of meltwater is im-
plemented. In Sect. 2, we describe the model and its forcing.
In Sect. 3, two applications are presented; ﬁrst, we present
an update of the characteristics and spatial variability of the
steady-state Antarctic ﬁrn layer. Next, we present time series
of surface height changes at various locations across Antarc-
tica. For both applications, the FDM is forced with output
of the regional atmospheric climate model RACMO2/ANT
(Lenaerts et al., 2011a).
2 Methods
2.1 Atmospheric forcing
The FDM is forced at the surface by the surface mass bal-
ance, surface temperature and near-surface wind speed from
the regional atmospheric climate model RACMO2/ANT.
Model data is available for the period 1979–2009 at a tem-
poral resolution of 6h and a horizontal resolution of 27km.
RACMO2/ANTisforcedatthelateralboundarieswithERA-
Interim re-analysis data, which also provides the sea ice
cover and sea surface temperatures. The average annual ac-
cumulation, as used in this paper, is the sum of solid and
liquid precipitation minus sublimation. The climate and sur-
face mass balance of RACMO2/ANT has been validated by
Lenaerts et al. (2011b); Lenaerts and van den Broeke (2011)
and Kuipers Munneke et al. (2011) and is shown to provide
a good representation of the Antarctic near-surface climate.
2.2 Firn densiﬁcation model
Our FDM is a time-dependent one-dimensional model that
keeps track of the density and temperature in a vertical ﬁrn
column. New added surface snow is instantly treated as the
upper layer of the vertical ﬁrn column. The fresh snow den-
sity for each grid point is determined by a parameterization
of Kaspers et al. (2004), based on average annual accumu-
lation (˙ b in mm w.e. yr−1), 10m wind speed ( ¯ V10 in ms−1)
and surface temperature ( ¯ Ts in K), with a slope correction for
Antarctica by Helsen et al. (2008):
ρs =−151.94+1.4266(73.6+1.06 ¯ Ts+0.0669 ˙ b+4.77 ¯ V10) (2)
The previous time-dependent model version (Helsen et al.,
2008) did not consider processes associated with liquid wa-
ter: rain, snow melt, percolation and refreezing. In the new
model, these processes are implemented by allowing liquid
water from rain and/or snowmelt, as prescribed by RACMO2
output, to exist in – and move through – the ﬁrn column.
The amount of snow melt is removed from the top layer, and
percolates down into the ﬁrn column. It refreezes when it
reaches a ﬁrn layer with sufﬁcient cold content (T < 0 ◦C)
and pore space. To mimic capillary forces, a part of the liq-
uid water remains in a layer that is at 0 ◦C. The maximum
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Fig. 2: Locations of 48 ﬁrn cores used in the model compar-
ison in Sect. 2 (red and blue) and the locations of P1, P2 and
P3, used in the analysis in Sect. 3.2 (blue).
amount of pore space used to store liquid water (Wmi in %)
is taken as a function of the snow porosity P (Col´ eou and
Lesaffre, 1998):
Wmi =1.7+5.7(
P
(1−P)
) (3)
Typical values for Wmi are 9–13% close to the surface
(ρ = 300–400kgm−3) and 4% lower in the ﬁrn column (ρ
∼ = 650kgm−3). This retained water refreezes when the layer
cools. By allowing water and therefore mass and heat to
move through the ﬁrn column, the heat transport cannot be
solved using an implicit numerical scheme, as in Helsen et al.
(2008), but has to be solved explicitly, making the model
computationally more expensive. The subsurface heat trans-
port is simulated by using a one-dimensional time-dependent
heat-transfer model (Paterson, 1994):
δT
δt
=k
δ2T
δz2 (4)
where k is the thermal diffusivity. This heat-transfer equa-
tion only contains a heat conduction term, where formally
also heat advection and internal heating by deformation of
ice should be included. However, the latter is small in the
ﬁrn zone and therefore neglected, heat advection is implic-
itly taken into account by the downward motion of the ﬁrn
layers at the speed of vice (Helsen et al., 2008).
The initial density proﬁle of the time-dependent simula-
tion is obtained by spinning up the model as long as needed
to refresh the entire ﬁrn layer. As the average annual accu-
mulation and depth of the ﬁrn layer vary widely in space, the
spin-up period is determined uniquely for every grid point.
To obtain the input for the spin-up period, the 1979–2009
period is repeated into a time series long enough to refresh
the entire ﬁrn layer. Hence, we assume this 31-year period is
representative for the past 100–1000 years and the ﬁrn layer
to be in steady state.
The previous model version used a densiﬁcation expres-
sion adapted from Zwally and Li (2002), with a single den-
siﬁcation expression for the complete density range. Various
studies (Herron and Langway, 1980; Barnola et al., 1991)
suggest one (ρ ∼ = 550kgm−3) or even two (ρ ∼ = 550kgm−3
and ρ ∼ = 830kgm−3) critical values to separate different den-
siﬁcation processes that occur in the ﬁrn column. In the up-
per part (ρ ≤ 550kgm−3), the dominant densiﬁcation pro-
cesses are grain settling and packing of snow grains (Herron
and Langway, 1980). Thereafter, densiﬁcation is slower and
mainly due to sublimation, diffusion and deformation pro-
cesses until the density reaches the pore close-off depth (ρ
∼ = 830kgm−3), where the remaining air bubbles get trapped
in the ice. Further densiﬁcation takes place by compres-
sion of these bubbles, until the density of glacier ice (ρ ∼ =
917kgm−3) is reached. Obviously, outside the dry snow
zone refreezing of melt water and/or liquid precipitation also
cause ﬁrn to densify.
Our FDM uses the dry snow densiﬁcation expression pro-
posed by Arthern et al. (2010) (Ar10 from now on) (Eq. 5).
Ar10use differentdensiﬁcationexpressionsabove andbelow
the critical density value (ρ = 550kgm−3) and therefore are
better able to capture the faster densiﬁcation near the surface.
Ar10T:
dρ
dt
=C ˙ b g (ρi−ρ) e
(−Ec
RTs +
Eg
R ¯ Ts
)
(5)
where Ec, Eg and C are constants, ˙ b is the average annual
accumulation, g the gravitational acceleration, ρi the ice den-
sity (917kgm−3) and R the gas constant and “T” in Ar10T
refers to the time-dependent model version. Note that C
has different values above (0.03) and below (0.07) the crit-
ical density level ρ = 550kgm−3. To convert Ar10T to a
steady-state solution (Ar10S), the vertical displacement of a
ﬁrn layer has to equal the average annual accumulation rate
divided by the ice density. Also the local temperature (Ts) in
the exponential term is replaced by the annual average sur-
face temperature ( ¯ Ts):
Ar10S:
dρ
dz
=C dz ρ g (ρi−ρ) e
(−Ec
R ¯ Ts
+
Eg
R ¯ Ts
)
(6)
where dz is the thickness of a ﬁrn layer in metres. Figure 3a
compares ﬁrn density proﬁles from Eqs. 5 and 6 for a point
in Marie Byrd Land (MBL), for which the climate charac-
teristics are listed in Table 1. The oscillations in Ar10T are
related to the strong non-linear dependence of densiﬁcation
rate on temperature. This effect is only present in the top few
meters of the ﬁrn column, where the seasonal temperature
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Table 1: RACMO2/ANT climate characteristics of a point in Marie Byrd Land (MBL) and South Pole (SP): latitude, longitude,
height above sea level, average annual temperature, accumulation, 10m wind speed and melt over the 1979–2009 period.
Lat (◦ N) Lon (◦ E) hs (m) ¯ Ts (K) ˙ b (mmyr−1) ¯ V10 (ms−1) ¯ M (mmyr−1)
MBL −79.6 –105.0 1912 241.0 306.0 6.64 0.0
SP −90.0 0.0 2797 220.3 56.0 5.55 0.0
Fig. 3: Firn density proﬁles of the steady-state Ar10S and time-dependent Ar10T densiﬁcation expressions for a location in
Marie Byrd Land (A) and steady-state density proﬁles of Ar10S and Ba91, with the observed z550 and z830 (B) for South Pole
(purple) and the MBL location as in Fig. A (black). Climatic characteristics of both points are listed in Table 1.
cycle is signiﬁcant. To compensate for this systematic bias
and to enable a comparison with other steady-state models,
an offset is applied to the surface density in the steady-state
model, so that the critical ρ = 550kgm−3 level occurs at the
same depth in both solutions.
2.3 Model performance and tuning
We compared the modelled depths of the critical density val-
ues ρ = 550kgm−3 (z550) and ρ = 830kgm−3 (z830) with
observations from 48 ice core drilling sites in Antarctica
(Fig. 2) (van den Broeke, 2008). We also compare the results
of the steady-state model to van den Broeke (2008), who
used the steady-state expressions of Barnola et al. (1991):
Ba91:
(
dρ
dz =11 dz ρ (ρi −ρ) e
−E
R ¯ Ts for ρ <550 kg m−3
dρ
dz =A0 dz ρ
tyr
˙ b fe(ρ) 1P3 e
−E
R ¯ Ts for ρ >550 kg m−3 (7)
where E and A0 are constants, tyr is the number of seconds in
a year and 1P the overburden pressure. Figure 3b compares
thedensityproﬁlesofEqs.6and7withtheobservedz550 and
z830 atSouthPoleandMBL(climatecharacteristicsarelisted
in Table 1). Although the densiﬁcation expressions are quite
different, the results for South Pole are similar and both cor-
respond rather well with the observed depths. For the MBL
point, Ba91again shows good agreement with the observed
depths, while Ar10S densiﬁes too quickly and simulates too
shallow critical depths. Around 15m in the Ba91 simulation
a numerical artifact is visible, caused by the overburden pres-
sure 1P in Eq. 7. The densiﬁcation rate is underestimated at
these low depths since there is not enough overburden pres-
sure in the above layers. However, Ba91 simulates the depths
of the critical levels quite well.
Figure 4 compares observed and modelled z550 and z830
for all 48 observation locations. In order to isolate z830 from
processes above z550, we used z∗
830 = z830–z550. Almost ev-
erywhere, Ar10S causes the ﬁrn to densify too quickly in the
upper part of the ﬁrn column and therefore under-predicts
z550. The same pattern is observed for the points with a rel-
atively small z830, with deviations up to 50%. However, for
points with larger z830 the pattern is reversed. The Ba91 re-
sults are very similar to those of van den Broeke (2008), in
which a previous RACMO2/ANT dataset (van de Berg et al.,
2006) was used.
The ratio of modelled to observed depths (MO) in Ar10S
is found to be highly correlated with average annual accu-
mulation at the 48 core sites, both for z550 and z830 (Fig. 5).
The correlation is such that the effect of the average annual
accumulation ˙ b on the densiﬁcation rate is too large. This
also explains the agreement of Ar10S with observations in
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Fig. 4: Modelled vs observed depth of the ρ = 550kgm−3 (A) and ρ = 830kgm−3 (B) levels, for the densiﬁcation expressions
of Ar10S and Ba91.
Fig. 5: MO-ratio of Ar10S for z550 (A) and z∗
830 (B) vs. the average annual accumulation, the regression line equations are
listed in Eq. 8 and 9.
Fig. 3b at South Pole, where low average annual accumu-
lation leads to a MO-ratio close to 1. The higher average
annual accumulation at MBL in Fig 3b on the other hand,
leads to a MO-ratio <1 and thereby shows an overestimated
densiﬁcation rate in Ar10S. Previously, Herron and Langway
(1980) proposed the exponent α in ˙ bα to be chosen between
0.5 and 1.1. However, Zwally and Li (2002) and Helsen et al.
(2008) later assumed α =1. To introduce the correct accu-
mulation dependence, we multiply the densiﬁcation expres-
sions of Ar10S with the relations of the regressions in Fig. 5,
being:
MO550 =1.435−0.151 ln (˙ b) for ρ <550 kgm−3 (8)
MO830 =2.366−0.293 ln (˙ b) for ρ >550 kgm−3 (9)
For extreme average annual accumulation values (˙ b >
3213mmyr−1), MO830 becomes negative, which occurs on
a few points in the Antarctic Peninsula. MO550 = 0 is not
reached for realistic values of ˙ b. We impose a minimum
value of 0.25 on MO550 and MO830, corresponding roughly
to areas where the average annual accumulation exceeds
1400mmyr−1. Figure 6 compares the observed to the up-
dated model values of z550 and z830. For both critical depths,
the agreement of the steady-state FDM with the observations
is now comparable to Ba91, but the great advantage of the
new expression is that it can also be used in a time-dependent
fashion.
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Fig. 6: Modelled vs observed depth of the ρ = 550kgm−3 (A) and ρ = 830kgm−3 (B) levels, for the updated densiﬁcation
expressions of Ar10S and Ba91.
3 Applications
3.1 Steady-state Antarctic ﬁrn density proﬁles
The steady-state expression forced by average
RACMO2/ANT climate ﬁelds of average annual accu-
mulation, surface temperature and wind speed, enables us
to look at the spatial variability of the characteristics of the
Antarctic ﬁrn column (Fig. 7 and 8). Since the resolution of
RACMO2/ANT output has increased from 55 to 27km, we
see much more detail than in van den Broeke (2008). The
modelled density of the surface snow is shown in Fig. 7a and
shows a typical distribution of relatively low density surface
snow in the East Antarctic interior (300–340kgm−3), and
high densities along the ice sheet margin (420–460kgm−3),
where temperature, precipitation and wind speeds are high.
The two large ice shelves have a slightly lower surface
density than other coastal regions because, in absence of
orographic forcing, the average annual accumulation is
relatively small. Along the West Antarctic coast and in
the Antarctic Peninsula, the highest surface density values
occur, forced by a combination of high temperatures, wind
speeds and precipitation rates.
The points without values in Figs. 7 and 8 are regions
where, according to RACMO2/ANT, no stable ﬁrn layer can
exist as average annual accumulation (1979–2009) is ex-
ceeded by either sublimation or melt. The location of these
so called blue ice areas correspond reasonably well to the ar-
eas presented in Winther et al. (2001). Wind-induced blue
ice areas occur in the vicinity of the Lambert Glacier and
along the eastern border of the Transantarctic Mountains.
On Larsen C Ice Shelf, snow melt exceeds precipitation in
RACMO2/ANT, so no long-term ﬁrn layer can build up.
As Larsen C is currently covered by a signiﬁcant layer of
ﬁrn (Holland et al., 2011), it is likely that the present ﬁrn
layer was formed before the recent warming of the Antarctic
Peninsula (Vaughan et al., 2003) and is now slowly degrad-
ing.
Figure 7b-c show the spatial distribution of two criti-
cal depths in the ﬁrn column; z550 and z830. These ﬁelds
show roughly the inverse pattern of surface density. This
is especially valid for z550 as the surface density (ranging
from 300kgm−3 to 450kgm−3) determines the start of the
density-depth proﬁle. The highest values of z550 and z830 are
found in the interior of East Antarctica with smaller values
in the coastal regions. In West Antarctica and the Antarc-
tic Peninsula the pattern is somewhat different; while z550
is small, z830 shows relatively high values. This is caused
by the high average annual accumulation values in these re-
gions; the fast burial of fresh snow leads to a slow densiﬁca-
tion with depth. The thickness of the ﬁrn column in Antarc-
tica, taken as z830, is only 40–50m around and on the big
ice shelves (Ross Ice Shelf, Filchner Ronne Ice Shelf and
the Amery Ice Shelf). Here, a combination of relatively high
temperatures and relatively low precipitation amounts cause
a rapid densiﬁcation of ﬁrn with depth. The highest values
are found on top of the East Antarctic plateau with values
just reaching 120m.
An important quantity is the amount of air in the ﬁrn col-
umn. The thickness change resulting from compressing the
whole ﬁrn column until it has ice density gives the length of
the ﬁrn air column. Figure 8a shows the spatial distribution
of the length of this ﬁrn air column. It resembles the depth of
the ﬁrn layer in Fig. 7c, indicating that deeper ﬁrn columns
generally contain more air than shallow columns. This is
supported by the average density of the ﬁrn column, which
shows little variability; values range between 650kgm−3 on
the East Antarctic plateau and 690kgm−3 along the edges
of the ice sheet (not shown). In other words, a deeper ﬁrn
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Fig. 7: Modelled surface density (A) and depths of the crit-
ical density levels ρ = 550kgm−3 (B) and ρ = 830kgm−3
(C).
column is not necessarily denser, and will contain more air.
On average there is 22.6m air in the ﬁrn column (Fig 8a), but
the modelled range of values is large (10–40m) due the pre-
viously mentioned climatic differences between the coastal
regions and the interior. The average thickness of the Antarc-
tic ice sheet is 2.06km (Lythe et al., 2001), so on average a
correction of just over 1% has to be applied to get the total
mass of the ice sheet. However, ice thicknesses are smaller
near the coast; here, the ﬁrn air correction can be signiﬁcant,
especially when it is used to derive ice thickness of ﬂoating
glacier tongues, using surface elevation in combination with
a ﬂoatation criterium (van den Broeke et al. (2008); Rignot
et al. (2008)). Figure 8b expresses the air thickness as a per-
centage of the total ice column. On the ice shelves and in
coastal and mountainous areas, values of 7–9% are found.
White areas indicate ice thicknesses (Lythe et al., 2001) that
are shallower than the modelled ﬁrn-ice transition depths.
3.2 Time-dependent ﬁrn density and surface elevation
The new densiﬁcation expressions can also be used in the
time-dependent FDM. By forcing the time-dependent FDM
with climate model time series, we obtain the evolution of
the surface height with time and are able to study the indi-
vidual processes that contribute to the vertical movement of
the surface. Fig. 9a–c shows the seasonal cycle of the surface
velocity components and Fig. 9d–f the resulting surface ele-
vation evolution, i.e. the integrated signal of vtot in Fig. 9a–
c, for three locations on the AIS (Fig. 2): P1 is located in
the cold and dry East Antarctic interior, P2 is in wetter and
warmer West Antarctica and P3 in coastal Dronning Maud
Land where melt occurs annually. The climate characteris-
tics of these points are shown in Table 2.
The average seasonal cycle is similar for the three loca-
tions, with upward motion of the surface (positive vtot) in
autumn, winter and spring and a relatively strong downward
motion (negative vtot) in summer. At all three locations, vice
is constant throughout the year, as it is assumed proportional
to the average annual accumulation. At P1 and P2, no melt
occurs (vme = 0), hence the seasonal variations are deter-
mined by accumulation and ﬁrn densiﬁcation. The strong
non-linear temperature dependence of the latter causes a den-
siﬁcation peak in summer. In combination with a summer
minimum in vacc, this causes the summer lowering of the
surface. The contribution of ﬁrn densiﬁcation to the vertical
movement of the surface is relatively constant from year to
year, as only the upper few meters of the ﬁrn layer experi-
ence signiﬁcant annual temperature changes. So, at P1 and
P2, the variations in vtotal are mainly caused by variability in
snowfall.
At P3, melt mainly occurs in December and January,
which lowers the surface signiﬁcantly. In combination with
the variability in accumulation, this leads to a relatively large
inter-annualvariabilityforthesummermonths. Interestingly,
the contribution to surface lowering by ﬁrn densiﬁcation is
almost three times smaller at P3 than at P2. One reason
is the presence of refrozen meltwater in the ﬁrn column at
P3, which causes higher average ﬁrn densities and therefore
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Fig. 8: The modelled amount of air in the ﬁrn column, expressed as the ﬁrn correction in m (A) and as a fraction of the total
thickness of the ice in % (B).
Fig. 9: The monthly averaged (1979–2009) velocity components that determine the vertical displacement of the surface: vacc,
vme, vfc, vice and vtot (A, B, C) and the daily averaged (1979–2009) surface height and standard deviation (D, E, F) for P1, P2
and P3 (see Fig. 2). Note the different scales.
limits the potential total ﬁrn densiﬁcation. Also, the ﬁrn layer
at P2 is much deeper than at P3, due to the higher average an-
nual accumulation amounts.
Figure 10 shows the surface height evolution for the entire
31-year period (1979–2009) at P2 and P3. The evolution of
the surface height in P1 shows small inter-annual variability
and is therefore not included. For P2 and P3, the inter-annual
variability as discussed above is visible as decadal trends. At
P2, inter-annual variability is almost completely caused by
accumulation variability where wetter (e.g. 2005–2006) and
dryer (e.g. 1988–1991) than average periods cause upward or
downward trends in surface height. An interesting asymme-
try is visible: the lowering at P2 is more gentle than in P3, as
ﬁrn densiﬁcation is a slow, but steady process compared to
melt. At P3, the more rapid lowering of the surface is often
caused by strong melt seasons in combination with less than
average precipitation (e.g. 1981–1983), while upward mo-
tions are associated with wetter periods in combination with
a weak melt season (e.g. 2008–2009).
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Table 2: RACMO2/ANT climate characteristics of points P1, P2 and P3: latitude, longitude, height above sea level, average
annual temperature, accumulation, 10m wind speed and melt over the 1979–2009 period.
Lat (◦ N) Lon (◦ E) hs (m) ¯ Ts (K) ˙ b (mmyr−1) ¯ V10 (ms−1) ¯ M (mmyr−1)
P1 −75.1 123.4 3262 218.0 18.5 5.14 0.0
P2 −77.8 −102.9 1392 245.6 520.4 7.14 0.0
P3 −71.1 −10.9 40 255.7 251.0 8.26 53.2
Fig. 10: Surface height evolution (1979–2009) for P2 and P3
(see Fig. 2).
4 Summary and conclusions
After introducing an accumulation dependence into the Ar10
densiﬁcation expression, good agreement is found with 48
steady-state ﬁrn proﬁles from the Antarctic ice sheet. The
steady-state version of the new densiﬁcation expression pro-
duces results comparable to the steady-state solution of
Barnola et al. (1991). A great advantage of the updated ex-
pression is that it can also be used in time-dependent mode.
Moreover, by introducing liquid water into the model, it can
now be applied to the entire Antarctic ice sheet including its
ﬂoating ice shelves, as long as the surface mass balance is
positive and a ﬁrn layer can build up.
Several improvements to the model can be made. The ac-
cumulation dependence that has been introduced in the den-
siﬁcation expression of Arthern et al. (2010) is tuned and
validated with the same dataset of 48 Antarctic ﬁrn cores.
Ideally, a part of the dataset should be used for tuning and
another part for validation. However, the Antarctic climate
is very diverse and some climate zones are only represented
by a few points, so splitting the dataset of only 48 ﬁrn cores
is no option at present. The time-dependent model can at
present not be validated with observations, as long-term re-
liable surface height measurements at high temporal resolu-
tion are scarce. Satellite height measurements do not have
the right time resolution and are often very noisy, while in-
situobservationstypicallyspanlessthanayear. Moreover, to
performa thoroughcomparison within-situ observations, the
height measuring instrument should be ﬁxed at a reference
level outside the ﬁrn layer, which is virtually impossible.
This is also the reason for choosing to improve a semi-
empirical model instead of using a more physically-based
ﬁrn densiﬁcation model. The physics of ﬁrn densiﬁcation
are still not fully understood and mainly observed in labora-
tories. This explains our choice for an empirical model that
describes ﬁrn densiﬁcation in relation to temperature and ac-
cumulation.
The fresh snow density parameterization of Kaspers et al.
(2004) is now used in both the steady state and the time-
dependent ﬁrn densiﬁcation model. As the density of fresh
snow is most likely not constant in time, this could be a point
of improvement in future research of the time-dependent
model. However, almost no observations on Antarctic fresh
snow density are available: most observations are averaged
over the ﬁrst 0.5–1m.
In steady-state mode, the FDM is used to assess the spa-
tially variable characteristics of the Antarctic ﬁrn layer. On
the cold and dry East Antarctic plateau, the lowest sur-
face snow density and deepest ﬁrn-ice transitions are found.
Moving towards the coastal areas the climate gets warmer,
wetter and windier, causing the surface density to increase
and the ﬁrn layer depth to decrease. Some regions do not
obey this general pattern, e.g. the coast of West Antarctica
shows high surface densities and small values of the depth
of the ρ = 550kgm−3 level (z550), but deep ﬁrn-ice transi-
tion depths (z830), reaching 120m. The high average annual
accumulation rate induces a fast burial of ﬁrn, which leads
to small gradients in ﬁrn density with depth. The same ef-
fect occurs along the Antarctic mountain ranges, but is less
evident and only present in some isolated spots.
Steady-state proﬁles can be used to quantify the amount
of air in the ﬁrn column, a quantity needed to convert ice
thickness to total ice mass. The ﬁrn correction averaged over
the entire ice sheet is small (1%), but along mountain ranges
and especially on ice shelves, the values go up to 9%. This
constitutes a signiﬁcant correction for ice ﬂux calculations at
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the grounding line (e.g. Rignot et al., 2008). The spatial vari-
ability of ﬁrn layer characteristics resembles that presented
by van den Broeke (2008), but with much improved horizon-
tal resolution.
The effect of melt is not included in the steady-state pro-
ﬁles: if melt occurs, meltwater refreezes deeper in the ﬁrn
column resulting in layers with higher density and/or com-
plete ice lenses. In a steady-state proﬁle these features can-
not be modelled, as they move to greater depths with time.
On average, the density will be higher due to this refrozen
water. As heat is released upon refreezing, the local ﬁrn tem-
perature will increase, further accelerating the densiﬁcation.
On the other hand, ice layers lead to a higher average density,
which in turn decreases the potential densiﬁcation rate.
The time-dependent version of the FDM is used to study
the evolution of the surface height and ﬁrn density in time
and depth. It shows that within three different climatic zones
in Antarctica, the surface elevation has a clear annual cy-
cle with upward motion in austral autumn, winter and spring
due to accumulation and relatively slow ﬁrn compaction, and
a lowering in summer when accumulation is lower and ﬁrn
densiﬁcation is more rapid in response to higher tempera-
tures. If melt is present, the lowering of the surface in sum-
mer is even more pronounced. In the interior of Antarctica,
the year-to-year surface elevation variability is almost com-
pletely caused by the variability in accumulation, while in
melt areas the strength of the melt season is also important.
Firn densiﬁcation rate shows less year-to-year variability.
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